A model system for studying cerebral mi crovasculature is presented in which submerged in vitro brain slices are examined by computerized video micros copy. Brain slices are superfused continuously with arti ficial cerebrospinal fluid, while blood vessels are moni tored using a transmission light microscope with water immersion objectives. The responses to well-char acterized vasoactive compounds indicate that basic phys iological characteristics are maintained in this prepara tion. This model system represents a simple and rapid
The regulation of blood flow within the brain is characterized by exquisite precision and speed. The high energy demands of active neurons and the re gionally selective patterns of neuronal activity ne cessitate accurate temporal and spatial control over the cerebral microvasculature. This highly specific regulation suggests the participation of mechanisms that serve to couple local blood flow with metabolic demand. Unfortunately, it is difficult to measure changes in brain microvasculature directly. Pene trating microvessels are quite small and difficult to access when embedded within the neuropil of the brain. Isolated vessel preparations have provided one avenue for analysis of cerebral microvessels, and significant progress has been made utilizing this type of preparation (e. g. , Duling et ai. , 1981) . How ever, this approach involves the removal of neuro nal and glial processes, which represent the normal microenvironment of the vessels. Consequently, potential signaling mechanisms from the surround-technique for studying cerebrovascular responses under conditions in which vessels are surrounded by their nor mal cellular microenvironment. An additional advantage of this technique is the ability to perform simultaneous electrophysiological recordings in identified neurons. This will facilitate the study of interactions between neu ronal and vascular elements and may help elucidate mechanisms underlying the local regulation of cerebral microvasculature. Key Words: Brain slices-Micro vasculature-Videomicroscopy.
ing neuropil cannot be addressed by in vitro models of this type. Another method for studying cerebral vessels is the in vivo cranial window technique (e. g. , Lavasseur et ai. , 1975) . This technique is ex tremely useful for studying surface vessels in cer tain areas of the neocortex. Its primary advantage is the maintenance of in vivo conditions, including an intact cerebral blood flow. Analysis of cerebral ves sels with the cranial window technique is limited by the physical constraints of the preparation, al though modifications have made possible visualiza tion of cerebellar and brainstem surface vessels in addition to those vessels on the cerebral convexity (Wei et ai. , 1984; Faraci et ai. , 1987 ).
An alternative model system for studying cere bral microvessels is the in vitro brain slice tech nique (Cach et ai. , 1987; Topple et ai. , 1987) . The brain slice technique permits the direct visualiza tion of cerebral microvessels in living neuronal tis sue. To date, vascular studies on brain slices have utilized macroscopic imaging combined with con ventional photographic techniques to measure ves sel diameter (e. g. , Cach et ai. , 1987) . This technique provides limited resolution of vessels, and the anal ysis of vascular change is extremely time consum ing. We have modified this technique by incorpo rating computerized imaging and transmission mi-croscopy with water immersion objectives. This approach provides an enhanced resolution of both superficial and deep microvessels and permits ac curate, real-time measurement of subtle vascular changes in the living slice. This experimental ap proach can be used in conjunction with electrophys iological recording techniques, allowing simulta neous analyses of neuronal and vascular function at a local level.
METHODS

Slice preparation
The quantitative studies described below were per formed using young adult gerbils (Meriones unguiculatus; 5(}"'100 g). The gerbils were anesthetized with sodium pentobarbital (60 mg/kg i.p.), then perfused intracardially with 50 ml of buffered saline. Ten milliliters of 0.05% indigo carmine in saline was then perfused. Additional slice experiments were performed using young adult Sprague-Dawley rats (25(}"'300 g), which were prepared in a similar manner. Animals were killed by decapitation and the brains rapidly removed. For the study of surface vessels, sections tangential to the surface of the brain were cut with a McIlwain tissue chopper at a thickness of 30(}"'500 f.lm. For the study of penetrating microvessels, brain structures were first dissected, then cut in cross section at a thickness of 300 f.lm. The slices were placed in artificial cerebrospinal fluid (NaCI124. 1 mM, NaHCO, 25. 7 mM, KCl 3. 3 mM, KH2P04 1. 3 mM, MgS04 2. 4 mM, CaCl2 2.0 mM, glucose 10. 0 mM) in a holding cham ber that was oxygenated with moist 95% O2/5% CO2 and maintained at 30°C. The slices were kept in the holding chamber for at least I h at interface with the humidified atmosphere.
Monitoring of vessels
Individual slices were transferred as needed to a small recording/monitoring chamber mounted on a transmis sion microscope, where they were submerged and super fused continuously at a constant rate of 0.75 ml/min (Rab bit Peristaltic Pump; Rainin Instrument Co., Woburn, MA, U.S. A. ) with artificial cerebrospinal fluid main tained at 32°C. While in the recording chamber, a vessel was selected and monitored continuously with a light mi croscope equipped with a CCD camera (CCD 72; Dage MTI, Michigan City, IN, U.S. A. ) and a digital image analysis system (Image-I; Universal Imaging Corp., West Chester, PA, U. S. A. ).
The identification of major landmarks in slices was per formed with a 20x water immersion objective. Microves sels ranging from 10 to 300 f.lm in diameter were located and their precise location was noted. A 40x water im mersion objective was then used for analysis of the region of interest when vessels were smaller than � 100 f.lm. An example of the identification assigned to a vessel is shown in Fig. 1 . A selected vessel was then observed for an initial period of 5-10 min during which its caliber was recorded every 30 s. Once a stable baseline of measure ments was obtained, the experimental conditions were manipulated, and changes in vessel diameter were moni tored.
FIG. 1.
Hippocampal microvessel in a brain slice. A penetrat ing microvessel (12-fLm luminal diameter) is shown passing through the stratum pyramidale and stratum radiatum of CA1, oriented parallel to the apical dendritic tree. Individual pyra midal cell bodies can be seen in the stratum pyramidale (ar rowhead). This and all other micrographs are digitized im ages taken from living in vitro brain slices. Bar = 25 fLm.
RESULTS
The first task in a model system of this type is to establish the viability of the preparation (see also Topple et aI. , 1987) . Brain slices have been used extensively for electrophysiological studies of neu ronal responses, and these studies have demon strated that slices can retain functional responses for �12 h (e. g. , Lee et aI. , 1981) . As a preliminary test for the viability of vessels in neocortical slices, responses to elevated potassium concentrations were examined. Figure 2 shows the appearance of a vessel and the manner in which measurements were performed with the image analysis system. The graph in Fig. 2 shows the time courses of responses to elevated potassium (50 mM for 5 min) in two branches of a single pial vessel. Fully reversible vasoconstriction was observed. The average mag nitude of constriction with elevated potassium was 22. 7 ± 12. 4% (mean ± SO; n = 15). The response of a given vessel was constant in magnitude during sequential applications of potassium (see Fig. 2 ). The maximum duration of slice viability was not rigorously examined; however, we have tested slices as old as 9 h and obtained normal responses to potassium and other vasoconstrictors. These ini tial findings indicate that the vessels in brain slices are capable of vasoconstrictor responses (see also Topple et aI. , 1987) and that slice viability is main tained for at least several hours.
Vascular responses in slices were further exam ined by testing the effects of two other vasocon strictors, endothelin-l (ET-I; 20 oM) and phorbol dibutyrate (PDB; 1 fLM). ET-l is a powerful vaso- constrictor peptide derived from endothelial cells. PDB is an activator of protein kinase C that has been shown to cause a slowly-developing, sustained contraction of smooth muscle (Sugawa et al. , 1991) . ET-l or PDB was added for 10 min to the flow of the artificial cerebrospinal fluid superfusing the brain slice, and the size of vessels was monitored contin uously. Both ET -1 and PDB constricted pial vessels in the neocortical slices (Figs. 3 and 4) . The time courses and magnitudes of these constrictor re sponses were somewhat different. ET -1 elicited a large initial constriction followed by a smaller tonic constriction. In contrast to ET -1, PDB did not elicit a large acute response, but did cause a tonic con striction of similar magnitude. The vasoconstrictor responses to ET-l and PDB are summarized in Fig.  4 . The differences in response characteristics to ET -1 and PD B are similar to those described for cerebral vessels in other preparations (e. g. , Rem sen, 1991; Sugawa et al. , 1991) . The effects of several known vasodilators have also been tested. Vascular responses to adenosine (1 mM) were examined in nine slices. Adenosine elicited a vasodilative effect in all vessels (10.2 ± 4. 9%); an example of this effect is shown in Fig. 5 . The effect of another vasodilator, acetylcholine (ACh), was examined using a slightly different treatment paradigm that has been described else where (Furchgott and Vanhoutte, 1989) . In these experiments, ACh (10-5 M) was added to the su perfusant following pre constriction with norepi nephrine (10-7 M). In the seven slices tested, the vasoconstriction induced by norepinephrine was mild (6.8 ± 0. 8%) but was entirely reversed by ACh. The vasodilator papaverine was tested in a similar paradigm against a vasoconstriction induced by PDB (1 fJ.-M). Papaverine reversed an established vasoconstriction induced by PDB in a dose dependent manner (Fig. 6) . Since vessels in this preparation lack intraluminal blood flow and pres sure, vasodilator responses were most pronounced when tested following preconstriction. For exam ple, when papaverine (250 fJ.-M) was applied to mi crovessels at resting tone, the resulting dilation was very mild (6.4 ± 4. 3%; n = 5).
One of the key advantages of the brain slice tech nique is the ability to visualize penetrating vessels in deep structures within the brain. Figure 1 a 12-!-Lm microvessel in the stratum radiatum of the CAl region of the hippocampus. Individual pyrami dal cell bodies can be seen near the vessel, demon strating the excellent resolution obtained with com puterized videomicroscopy. Figure 7 shows a mi crovessel in a cerebellar slice (15-!-Lm resting diameter). These small vessels, only 10--15 !-Lm in diameter, are adequately resolved to allow mea surements of small changes in caliber. An example of the response of a cerebellar vessel to ET -I (20 oM) is shown in Fig. 7 . ET -I elicited a biphasic response, consisting of a large initial constriction followed by a moderate sustained constriction. This type of response is similar to that described above for surface vessels in the neocortex. 
DISCUSSION AND CONCLUSIONS
Submerged in vitro brain slices can be used to study the function of cerebral microvessels in their normal microenvironment. The use of water immer sion objectives in conjunction with computerized video microscopy enhances the resolution of neuro nal and vascular elements and enables accurate re cording of subtle changes-even in the smallest penetrating microvessels. In this model system, el evated potassium elicited constrictions that were constant in magnitude during sequential challenges in a single vessel. Potassium-induced constrictions were completely and rapidly reversible. Reductions in vascular diameter were also elicited by ET -I and PDB. In contrast to potassium-induced vasocon striction, the effects of ET-l and PDB were not fully reversible; sustained constrictor responses to these agents are consistent with previous observations (Remsen, 1991; Sugawa et aI. , 1991) . Norepineph rine also elicited vasoconstriction; however, this re sponse was somewhat smaller than that described in other preparations (Duling et aI. , 1981; Furchgott and Vanhoutte, 1989) . Adenosine, ACh, and papav erine dilated vessels in brain slices. The dilatative effects of ACh and papaverine were most pro nounced when tested in the presence of an estab lished vasoconstriction. The ability of ACh and pa paverine to relax preconstricted vessels is consis tent with observations in other test systems (Furchgott and Vanhoutte, 1989 ; Kuwayama et aI. , 1972). Taken together, these observations demon strate that basic vascular responsiveness is retained in the brain slice preparation.
The strengths of this technique lie in the ability to accurately resolve extremely small vessels in both superficial and deep structures, the capacity to monitor vessels continuously during experimeatal manipulations, the simultaneous access provided to both neuronal and vascular elements, and the ease and speed with which the manipulation of tissue environment is possible. This model therefore rep resents a rapid and easily controlled technique for the study of cerebrovascular function.
The study of cerebral vessels located on the sur face of the brain is particularly simple using this technique. Vessels can be identified and monitored in superficial structures by cutting slices tangential to the surface of the brain. This approach offers several advantages over cranial window tech niques. First, as mentioned above, brain slices are simple to prepare and permit precise control over the physiological environment. Second, vessels can be examined from virtually any surface region and are not restricted by accessibility through the cra nium. Third, several vessels can be examined in a rapid and sequential manner. We have examined vessels from as many as nine different slices from a single brain by transferring slices sequentially from a holding chamber. This approach therefore permits the examination of several "naive" vessels from a single animal.
Brain slices are also well suited for the study of regional differences in vascular reactivity. Regional variability in the response characteristics of large cerebral vessels has been described in the circle of Willis (e. g. , Hogestatt et aI. , 1981) . It is therefore conceivable that considerable heterogeneity exists among microvessels in different brain structures. With use of the brain slice preparation, a single an imal may be used to study vascular responses in several different cerebral structures. Studies of this type will facilitate the investigation of regional het erogeneity of cerebral vessels.
Perhaps the greatest advantage of this prepara tion is the capacity to study small vessels in deep structures directly. Microvessels with resting diam eters as small as a few micrometers can be identi fied and examined in a rapid and repeatable man ner. Rather than being isolated from their normal microenvironment, the vessels are embedded in vi able neuropil. Thus, avenues for intercellular com munication among constituents of the neuropil are retained in this model system. Cell bodies of neu rons and glia located near a vessel of interest can also be visualized with the image analysis tech niques. It will therefore be possible in future studies to utilize electrophysiological techniques to record from and stimulate identified cells while simulta neously monitoring neighboring blood vessels.
In summary, the model system described here allows for accurate and rapid analysis of cerebral vasculature. The capacity for examining both neu ronal and vascular responses in brain slices pro vides a means for investigating the metabolic regu lation of cerebral microvasculature and for evaluat ing mechanisms of neurovascular communication.
